Background: Arachidonic acid (AA) metabolic network is activated in the most inflammatory related diseases, and small-molecular drugs targeting AA network are increasingly available. However, side effects of above mentioned drugs have always been the biggest obstacle. (+)-2-(1-hydroxyl-4-oxocyclohexyl) ethyl caffeate (HOEC), a natural product acted as an inhibitor of 5-lipoxygenase (5-LOX) and 15-LOX in vitro, exhibited weaker therapeutic effect in high dose than that in low dose to collagen induced arthritis (CIA) rats. In this study, we tried to elucidate the potential regulatory mechanism by using quantitative pharmacology. Methods: First, we generated an experimental data set by monitoring the dynamics of AA metabolites' concentration in A23187 stimulated and different doses of HOEC co-incubated RAW264.7. Then we constructed a dynamic model of A23187-stimulated AA metabolic model to evaluate how a model-based simulation of AA metabolic data assists to find the most suitable treatment dose by predicting the pharmacodynamics of HOEC. Results: Compared to the experimental data, the model could simulate the inhibitory effect of HOEC on 5-LOX and 15-LOX, and reproduced the increase of the metabolic flux in the cyclooxygenase (COX) pathway. However, a concomitant, early-stage of stimulation-related decrease of prostaglandins (PGs) production in HOEC incubated RAW264.7 cells was not simulated in the model. Conclusion: Using the model, we predict that higher dose of HOEC disrupts the flux balance in COX and LOX of the AA network, and increased COX flux can interfere the curative effects of LOX inhibitor on resolution of inflammation which is crucial for the efficient and safe drug design.
INTRODUCTION
Inflammation is a ubiquitous physiological reaction participating in many kinds of diseases, such as rheumatoid arthritis, atherosclerosis, Alzheimer's disease and cancer [1] [2] [3] , in which a network of inflammatory mediators plays important roles. When cells were stimulated by the pro-inflammatory factors, membrane phospholipid was catalyzed by cytosolic phospholipase (cPLA) 2 to release arachidonic acid (AA) which touches off the inflammatory cascade. There are four AA metabolic pathways which are prostaglandins (PGs) and thromboxanes (TXs) catalyzed by cyclooxygenase (COX), leukotrienes (LTs) catalyzed by 5-lipoxygenase (LOX), 15-hydroxy-eicosatetraenoic acid (HETE) or lipoxins (LXs) catalyzed by 15-LOX, 12-HETE or LXs catalyzed by 12-LOX [4, 5] .
Among the metabolites of COX pathway, PGE 2 is the most important pro-inflammatory mediator in pain [6] and edema [7] , and has been reported to have anti-inflammatory effects on activating anti-inflammatory factors [8] . TXA 2 plays a pivotal role in platelet aggregation [9] while PGI 2 can inhibit the platelet aggregation [10] . PGD 2 can be metabolized to PGF 2a , PGJ 2 and 15d-PGJ 2 , and 15d-PGJ 2 is reported as an anti-inflammatory factor [11] . There are three kinds of lipoxygenases in LOX pathway: 5-LOX, 15-LOX and 12-LOX. Among the metabolites of 5-LOX, LTB 4 is a potent pro-inflammatory mediator with neutrophil chemotaxis and adherence involved in almost all inflammatory reactions [12] . As the metabolites of LTC 4 , cysteamine leukotrienes (CysLTs) are main proinflammatory mediators in asthma and allergic rhinitis [13, 14] . Others, 5-HETE and some downstream metabolites have pro-inflammatory effects [15] . 12-HETE and 15-HETE, the main metabolites of 12-LOX and 15-LOX pathway, also act as pro-inflammatory factors. Moreover, 12/15-LOX participates in the synthesis of anti-inflammatory factor LXs [5] .
A series of anti-inflammatory drugs targeting AA metabolic pathways have been developed. Nonsteroidal anti-inflammatory drugs (NSAIDs), such as aspirin, ibuprofen and indomethacin are classical COX inhibitors, have been routinely used in the treatment of acute and chronic inflammation. However, long-term medication of NSAIDs usually causes gastrointestinal toxicity and mild bleeding due to COX-1 inhibition [16] . Then, selective COX-2 inhibitors were developed to alleviate above mentioned side effects. However, due to cardiovascular risk, rofecoxib was withdrawn in 2004 [17, 18] . Zileuton is the only approved 5-LOX inhibitor which is used in the treatment of asthma [19] . Disappointingly, the development of novel 5-LOX inhibitors is not effective as desired which was also blocked by the side effect [20] . In fact, in the past decades, dual and multi-target inhibitors which can interfere few branches of AA metabolic pathways have been considered as more promising research strategy [21] .
Network dynamic model, an assistant tool of drug design and screening, provides a new window for understanding the biological process entirely and is gradually replacing the golden mode of target-oriented drug design used in traditional drug discovery. The intrinsic robustness of living systems against various perturbations is a key factor that target-oriented drug did not work as expected and even had inevitable side effects [22] . AA metabolic pathway is also a metabolic network, and the effect of drugs targeting on single or multi-nodes of this network should be evaluated from the point of network instead of the specific target. Lai et al. have established a dynamic model of AA metabolic network in human polymorphous leukocytes using ordinary differential equations (ODEs) [23] and applied the model to simulate the effects of drugs and developed strategies for multiple-target drug design [24] . However, the model does not involve the selection of dose which is also an important factor affecting the network.
(+)-2-(1-hydroxyl-4-oxocyclohexyl) ethyl caffeate (HOEC) was isolated from Incarvillea mairei var. granditlora (Wehrhahn) Grierson [25] . The plants of the Incarvillea genus have long been used as folk medicines for the treatment of inflammatory related diseases in China. In the pharmaceutical activity research of HOEC, 5-LOX and 15-LOX were found to be inhibited in molecular level [26] . The half inhibitory concentration (IC 50 ) of HOEC on 5-LOX and 15-LOX activity are 34.6AE5.7 μM and 7.8AE0.8 μM, respectively. In our previous study, HOEC exhibited weaker therapeutic effect at higher dose than that of lower dose when treating collagen induced arthritis (CIA) rats. This result suggests that over inhibiting one pathway of AA metabolic network can even induce unexpected output. Therefore, the prediction of potential regulatory mechanism is a major challenge in targeted anti-inflammatory therapy.
In this study, A23187 (calcium ionophore) was used to stimulate AA metabolism model in macrophage. Firstly, we constructed the topological structure of AA metabolic network by consulting the literature, and used ODEs to describe the reactions involved in the topological structure. Then, a computational model of AA metabolic network in macrophage was established by solving these ODEs with MATLAB (https://www.mathworks.com/products/matlab.html), and the pharmacodynamics of different doses of HOEC was simulated by using this model. At the same time, the effects of different doses of HOEC on the quantitative changes of key metabolites of AA in A23187-stimulated RAW264.7 were measured by ELISA. Our work provides a computational method for predicting effective and safe dosage and explaining unexpected efficacy.
RESULTS
Dynamic profile of AA metabolism in RAW264.7
The quantification of AA metabolites was measured by ELISA. As shown in Figure 1A , all AA metabolites in control group were stable during the incubation which could eliminate the interference of experimental condition on the cells. In Figure 1B , AA and its metabolites had obvious changes after stimulated by A23187. AA increased right after A23187 stimulation and reached to a peak at 10 min. After a short decrease, AA showed a second wave of slow but continuous increase from 20 min. The profile of 5-LOX metabolites, LTB 4 and LTC 4 , were similar to that of AA except for the shift in time points ( Figure 1B ). And the LTC 4 's profile was consistent with that in the ATP stimulated RAW264.7 [27] . cPLA 2 mediates AA release and 5-LOX activation following cell stimulation caused by the increase of intracellular Ca 2+ [28] . The rise extent of LTC 4 was greater than LTB 4 in present study. The main reason might be that LTA 4 is more apt to synthetize LTC 4 in eosinophile granulocyte, basophile granulocyte, mast cell and macrophage which is catalyzed by LTC 4 S, while LTB 4 is more likely to be generated in neutrophile granulocyte hydrolyzed by LTA 4 H [29] [30] [31] . As for the 15-LOX pathway, 15-HETE rose gently to 10 min after the stimulation of A23187, then fell until 40 min and rose again. We noted that the base flux of COX-2 pathway were much higher than that of LOX pathway, though the change extent of 5-LOX metabolites was more obvious ( Figure 1B ). There was a momentary increase of PGE 2 , TXB 2 and PGD 2 at 2.5 min with an immediately decline to the baseline level. Similar change tendency was reported in the dynamic generation of PGE 2 in A23187-stimulated 3T3 cells [32] .
Taken together, cPLA 2 was activated by A23187, then catalyzed AA release and started up the production of AA metabolites simultaneously. The activation of LOX pathway was durative while the activation of COX pathway was ephemeral. Since AA level gradually enhanced after 20 min, we chose the experimental data of first 20 min in the AA metabolic network modeling.
After treated with HOEC, LTB 4 and LTC 4 were inhibited dose-dependently ( Figure 2 ). 50 μM HOEC could completely inhibit the LTB 4 production ( Figure 2A ) while 15 μM HOEC could completely inhibit the LTC 4 production ( Figure 2B ). It suggested that HOEC had a stronger inhibitory effect on the production of LTC 4 than that of LTB 4 . Although HOEC has a low IC 50 on 15-LOX in enzyme level, it probably weakly inhibited 15-LOX in RAW264.7. The production of 15-HETE was dosedependently inhibited by HOEC in the first 20 min following A23187 stimulation and then increased after 20 min. We speculate this flux increase in 15-LOX pathway is the feedback regulation of the AA metabolic network which is caused by the stronger inhibition of 5-LOX pathway and the increase of total AA after 20 min.
As for the COX pathway, the levels of PGE 2 , TXB 2 and PGD 2 in 50 μM HOEC treatment group were the highest, which might indicate that the strong inhibition of LOX caused a compensatory increase of metabolic flux in the COX pathway ( Figure 2D-2F ). This result suggested that over inhibition on the 5-LOX pathway might cause an incline of metabolic flux to the COX pathway which might explain the non-dose-dependent effect of HOEC in animal arthritis studies. Interestingly, the peak of COX metabolites in 2.5 min was inhibited by HOEC. A23187 was reported as an activator of p38 mitogen-activated protein kinase (MAPK) [33] [34] [35] which could further affect the phosphorylation and activation of cPLA 2 [33] . In the previous study of our research group, HOEC was found to inhibit the phosphorylation of p38 MAPK [36] . Therefore, it is possible that HOEC can inhibit the activity of cPLA 2 by inhibiting the A23187 induced phosphorylation of p38 MAPK, and further inhibit the peak of COX pathway.
Computational model of AA metabolic network in RAW264.7
Based on KEGG [37] , BRENDA [38] and the published dynamic simulation model of AA metabolic network [23, 39] , a topological structure of AA metabolic network in mouse macrophages was established ( Figure 3 ). As the figure shown, AA is mainly metabolized by four pathways: the production of PGs via COX pathway; the production of 5-HETE and LTs via 5-LOX pathway; the production of 12-HETE via 12-LOX pathway; the production of 15-HETE via 15-LOX pathway. In order to simplify the model, the non-major metabolites which were not been quantified were excluded. In addition, the further metabolism reactions of AA were directly set as degradation reactions, which were described by the kinetics of first-order chemical reactions.
A series of ODEs were established to simulate unicellular behavior (see details in Materials and Methods), which included 30 initial concentration and 53 reaction parameters (see details in S2.1 and S2.2 of Supplementary Materials). Among the 53 reaction parameters, 32 can be found in the literature. However, these parameters are derived from the results that obtained under different experimental conditions, so further fitting is still needed before they can be used in the final model. After optimization of the parameters, a total of 23 reaction parameters were taken from experimental values, while the others were obtained by fitting the calculated production to experimental data. The parameter set that fit the experimental data well was chosen for the further studies.
After the fitting parameters were confirmed, simulation of the model was carried out. As shown in Figure 4A , the two metabolites of 5-LOX pathway, LTB 4 and LTC 4 , tallied with the experimental values. But the three metabolites of COX pathway did not decrease as rapidly as the experimental values, and the peak value of PGD 2 was lower than that of the experimental value. In order to obtain higher content of PGD 2 , we may have to increase the content of PGDS and K cat or reduce K m in the model, however, the fitting results based on the above ideas will cause the values of these three parameters to be far beyond the reasonable range. Therefore, the peak fitting of PGD 2 is not considered in this model, but its changing trend is regarded as the optimization objective of the model.
Flux analysis was performed on the main pathways in the network, including the 5-LOX, 15-LOX, 12-LOX and COX pathways. Figure 4B shows the profile of metabolites in the first step of AA metabolism. PGH 2 , 15-HpETE, 5-HpETE, 12-HpETE, the first step metabolites of AA metabolism, were quickly catalyzed by the downstream metabolic enzymes to the more stable metabolites once generated. In addition, the content of PGH 2 was the highest among the four metabolites, suggesting that the COX pathway was the main metabolic pathway among the four pathways of AA metabolism, which was consistent with the experimental results. The profile of the downstream metabolites of 5/12/15-LOX pathways is shown in Figure 4C . The results showed that the content of 15-HETE was significantly higher than that of 5-HETE and 12-HETE. As for the downstream metabolites of the 5-LOX pathway, the content of LTC 4 was significantly higher than that of LTB 4 , LTA 4 and 5-HETE ( Figure 4D ). The profile of the four downstream metabolites of the COX pathway is shown in Figure 4E and the content of PGD 2 was much higher than that of PGE 2 , PGF 2a and TXB 2 , which was consistent with the experimental results.
Pharmacodynamics simulation of HOEC by AA metabolic network model
Based on the established model of AA metabolic network, the initial concentration of HOEC was set from 0 to 5, 15 and 50 μM, and the simulated results of the changes of metabolites of AA pathway after administration of HOEC was obtained. Take the dose of 50 μM as an example, PGH 2 was still on a high level, which was slightly higher than that of model group. Due to the inhibitory effect of HOEC on 5-LOX, the content of 5-HpETE, which is the first step metabolite of the 5-LOX pathway, decreased significantly ( Figure 5A ), but the content of 15-HETE and 12-HETE in the downstream of 15-LOX and 12-HETE pathway did not change significantly compared with the model group ( Figure 5B ). In addition, all downstream metabolites of 5-LOX pathway were significantly inhibited, and the inhibitory effect on LTB 4 and LTC 4 was superior to that on 5-HETE ( Figure 5C ), indicated that LTA 4 , the precursor of these metabolites, might be from the secondary catalysis of 5-LOX. As shown in Figure  5D , the four metabolites in the downstream of the COX pathway did not have much difference in the change trend and quantitative value compared with the model group. The reason is probably that the flux of 5-LOX pathway is relatively less than COX pathway in whole AA network. Therefore, even if the 5-LOX pathway is completely inhibited, the flux compensation caused by the inhibition of 5-LOX pathway is little on the downstream metabolites of the COX pathway. In addition, the simulation results of the 5 μM and 15 μM HOEC had similar trends to the 50 μM, while 50 μM HOEC is more effective on the inhibition of 5-LOX pathway and the increase in COX flux. Some unknown parameters of HOEC affecting COX pathway are probably not taken into the model, which resulting in a weak fitting of the simulation results with the experimental data.
DISCUSSION
Although considerable progress has been made in the genome/proteome-based high-throughput screening methods and rational drug design, the increase in approved drugs in the past decade was not commensurate with the rising cost of drug discovery. Network medicine aims to improve the efficiency of drug development by researching the drug effects and the complexity of diseases at the systematic level. In recent years, application of network medicine has got more and more attention, of which some achievements have been made in infections, cancer, metabolic diseases and neurodegenerative diseases [40] . In this study, HOEC is a natural product with various pharmacological activities which matches the characteristics of multiple targets of traditional Chinese medicine. The above mentioned doseindependent efficacy of HOEC impelled us to explore the regulation of AA metabolic network by HOEC treatment. Using the computational model of AA metabolic network, we simulated the metabolic flux of the network and analyzed the pharmacodynamics of HOEC in macrophages RAW246.7.
The results showed that the model could reproduce the inhibitory effect of HOEC on 5-LOX metabolites and the weak increased flux in COX pathway. However, the model did not simulate the inhibitory effect of HOEC on the peak of COX metabolites at 2.5 min which indicated that the model was not sound in some direct or indirect effects of HOEC on the COX pathway. Firstly, since cellular membrane is the origin of phospholipid, the substrate is enough to produce AA. So the main factors that determine the production of AA would be the quantity and the activity of cPLA 2 . Incidentally, a study of PGs biosynthesis in macrophages [41] provides some ideas for our study. Rossi et al. reported Zileuton, a 5-LOX inhibitor, did not show inhibitory effect on biosynthesis of PGES and COX-2 but resulted in a decrease in AA production by inhibiting the transport of PLA 2 to nuclear membrane, and further affected the synthesis of PGE 2 . Since no further data of biological experiments was provided, we can only make some speculation here: firstly, though HOEC inhibited the instantaneous rise of PGs, metabolites of COX pathway still increased continuously which excluded the possibility of HOEC inhibiting metabolic enzymes in COX pathway. So the inhibition on 5-LOX might induce flux ballooning in other unmeasured pathway which split away the flux peak of COX pathway. Secondly, HOEC might inhibit the p38 MAPK-PLA 2 -COX axis to affect the flux of COX pathway [33] [34] [35] [36] .
Back to the question introduced in the beginning of the paper, the dose-independent effects of HOEC on arthritis, combined with the results, we speculated that: firstly, the inhibition on the peaks of PGs and TXs in 2.5 min probably blocked the resolution of inflammation since it has been reported that COX-2 plays an important role in the production of LXs which can give a stop signal to the inflammation [42, 43] . Secondly, the AA metabolic flux distributed to COX pathway with the increase HOEC.
Though COX-2 can induce the resolution of inflammation, on the other hand, the metabolites of COX pathway are still the major pro-inflammatory mediator in the inflammation [44] , so that higher dose of HOEC will decline the anti-inflammatory effect of HOEC. Thirdly, AA can be catalyzed by 15-LOX to produce 15-HETE. Some of 15-HETE can be transferred to other cells such as PMNs, and is catalyzed to LXs by 5-LOX [45] . Due to the involvement of 15-LOX and 5-LOX in LXs biosynthesis, high dose of HOEC with more inhibitory effect on 15-LOX and 5-LOX might block the anti-inflammatory process. Even 15-HETE is increased at late stage in our cell experiment, the inhibition of 5-LOX can not help the subsequent catalysis of 15-HETE to LXs. Therefore, 15-HETE increase is detrimental to the production of LXs. Thus, the experiment results call attention to us that appropriate doses of anti-inflammatory medicines play such an important role to their output of curative effects since they not only work on the targets but also interfere the whole AA metabolic network.
In summary, there are two main limitations of the pharmacodynamics prediction by our AA metabolic network model: firstly, the model was designed only to deal with metabolic enzymes, metabolites and feedback loops of internal AA pathway but no factors of external pathway, such as cytokines [46] , protein kinases [47] and signal transduction [48] , etc.; secondly, HOEC is multitargeted and some mechanisms of drug action are still not clear, which might limit the accuracy of prediction. The above two factors balance each other: if we have a more comprehensive network model and experimental data of drug effects, we can predict the action targets of drug; or if the target information is comprehensive, we can predict the drug effects accurately through the model. Improvement in both sides can increase efficiency of drug screening, such as chip technology [49, 50] and high throughput screen [51, 52] .
However, it is obvious that there is still a big gap between the pharmacodynamics that predicted by cell model and the actual efficacy in arthritis animal model. In the traditional drug development, there are also many candidate drugs that work in cells or animal models do fail or have different effects on the human level, because the connection of cells with system has always been treated as a black box [53] , and the multi-scale model is to solve this problem. A multiscale model is an integrated model that account for more than one level of resolution across measurable domains of time, space, and/or function [54] . At present, the establishment of computational models of inflammation in a single cell environment has a number of application cases [55] [56] [57] [58] , but the application of multiscale model is rare [59] . In fact, no comprehensive geneto-organism multiscale model has been developed. To work in this direction, we have studied the AA metabolites' time-quantitative changes in the CIA rats (unpublished), but the modeling of network in animal model is difficult due to the complexity of systems. With the improvement of modeling method and biological technology, it is believed that the challenging opportunity of multi-scale model can be realized in the near future.
MATERIALS AND METHODS
Cell culture and collection RAW264.7, Abelson murine leukemia virus transformed macrophage (purchased from Chinese Academy of Sciences, Shanghai, China) was cultured with DMEM contained 10% FBS. Cell passage and amplification every other day with a passage ratio of 4:1 until the sufficient amount of cells for experiment were obtained. Cells were digested by 0.25% pancreatic enzymes contained 0.02% EDTA, then centrifuged and suspended in DMEM with a concentration of 10 7 cells/mL for experiment. was added to the model and HOEC treatment group, and equal amounts of solvent was added to the control group. To stop the reaction on the preset time point, three times volume of ice alcohol was added to the cell suspension and the mixture was shaken thoroughly to extract the substance being examined. 
Measurement of eicosanoids by ELISA

Simulation methods of mathematical network model
Based on the kinetic principle of chemical reaction, an ODE is established for each reaction to characterize its reaction rate (see details in S1 of Supplementary Materials). Michaelis-Mentan equations are used to describe the enzymatic reactions in the network:
where K cat is the turnover number, K m is the MichaelisMentan constant, [S] is the substrate concentration, and [E t ] is the total concentration of the enzyme. If competitive reversible inhibitors exist in the reaction, the kinetic relationship between inhibitors, substrates and reaction rates is:
where K i is the inhibition constant and [I] is the concentration of inhibitor.
If there are activators that can up-regulate the catalytic reaction, the kinetic relationship between activator, substrate and reaction rate is:
where KI is the activation constant and [U] is the concentration of activator. If there are irreversible inhibitors in the reaction, we assume that the enzyme concentration will attenuate according to the following equation:
The reaction rate of the drug molecules in the model is:
where the binding rate constant and dissociation rate constant of the drug molecule with its target are described by K off and K on, respectively. The relationship between the two is:
The SBPDgui toolkit of Matlab 7.0 was used to solve these ODEs. The metabolic curves of metabolites in AA metabolic network were calculated. These calculated curves were fit to the experimental data by modulating parameters that had no direct values from published experiments, while the other parameters remained fixed to their experimental values [23] . In the parameter modulating process, we simulated the model by using the optimization algorithms and the default calculation parameters in the toolkit, and then analyzed the results to determine the reasonable optimization algorithm and calculation conditions. Finally, the optimization values of all the parameters involved in the model and the initial values of the variables were obtained. After the establishment of the model, the AA metabolic network model could be simulated and predicted by using the SBTOOL-BOX tool of Matlab 7.0.
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